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Preface to Volume 1

Earth’s present-day environments are the outcome of a 4.5-billion-year period of evolution
reflecting the interaction of global-scale geological and biological processes. Punctuating that
evolution were several extraordinary events and episodes that perturbed the entire Earth
system and led to the creation of new environmental conditions, sometimes even to funda-
mental changes in how planet Earth operated. One of the earliest and arguably the greatest of
these events was a substantial increase (orders of magnitude) in the atmospheric oxygen
abundance, sometimes referred to as the Great Oxidation Event. Given our present knowledge,
this oxygenation of the terrestrial atmosphere and the surface ocean, during the Palaeopro-
terozoic Era between 2.4 and 2.0 billion years ago, irreversibly changed the course of Earth’s
evolution. Understanding why and how it happened and what its consequences were are
among the most challenging problems in Earth sciences.

The three-volume treatise entitled ‘“Reading the Archive of Earth’s Oxygenation” (1)
provides a comprehensive review of the Palaeoproterozoic Eon with an emphasis on the
Fennoscandian Shield geology; (2) serves as an initial report of the preliminary analysis of
one of the finest lithological and geochemical archives of early Palaeoproterozoic Earth
history, created under the auspices of the International Continental Scientific Drilling
Programme (ICDP); (3) synthesises the current state of our understanding of aspects of
early Palaeoproterozoic events coincident with and likely related to Earth’s progressive
oxygenation with an emphasis on still-unresolved problems that are ripe for and to be
addressed by future research. Combining this information in three coherent volumes offers
an unprecedented cohesive and comprehensive elucidation of the Great Oxidation Event and
related global upheavals that eventually led to the emergence of the modern aerobic Earth
System.

The format of these books centres on high-quality photo-documentation of Fennoscandian
Arctic Russia — Drilling Early Earth Project (FAR-DEEP) cores and natural exposures of the
Palaeoproterozoic rocks of the Fennoscandian Shield. The photos are linked to geochemical
data sets, summary figures and maps, and time-slice reconstructions of basinal and palaecoen-
vironmental settings that document the response of the Earth system to the Great Oxidation
Event. The emphasis on a thorough, well-illustrated characterisation of rocks reflects the
importance of sedimentary and volcanic structures that form a basis for interpreting ancient
depositional environments, and chemical, physical and biological processes operating on
Earth’s surface. Most of the structural features are sufficiently complex as to challenge the
description by other than a visual representation, and high-quality photographs are themselves
a primary resource for presenting essential information. Although nothing can replace the
wealth of information that a geologist can obtain from examining an outcrop first hand, the
utility of photographs offers the next best source of data for assessing and evaluating
palacoenvironmental reconstructions. This three-volume treatise will, thus, act as an informa-
tion source and guide to other researchers and help them identify and interpret such features
elsewhere, and will serve as an illustrated guidebook to the Precambrian for geology students.
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Preface to Volume 1

Finally, the three-volume treatise provides a link to the FAR-DEEP core collection
archived at the Geological Survey of Norway. These drillcores are a unique resource that
can be used to help solve the outstanding problems in understanding the causes and
consequences of the multiple processes associated with the progressive oxygenation of
terrestrial environments. It is anticipated that the well-archived core will provide the geologi-
cal foundation for future research aimed at testing and generating new ideas about the
Palaeoproterozoic Earth. The three-volume treatise will be of interest to researchers involved
directly in studying this hallmark period in Earth history, as well as professionals and students
interested in Earth System evolution in general.

Volume 1: “The Palacoproterozoic of Fennoscandia as Context for the Fennoscandian
Arctic Russia — Drilling Earth Project” describes the implementation of the FAR-DEEP
drilling project in Arctic Russia. It summarises the knowledge of more than 50 years of
largely Russian-led fieldwork, information hitherto virtually unavailable in the West, and
provides geological description of drilling areas with an exhaustive illustration of rocks by
high-quality, representative photographs. The volume offers a comprehensive review and rich
photo-illustration of palaeotectonic, palacogeographic and magmatic evolution of the
Fennoscandian Shield in the early Palaeoproterozoic and links the evolution of the shield to
the emergence of an aerobic Earth system. The volume unfolds the event-based
Fennoscandian chronostratigraphy and discusses the chronology of the Palaeoproterozoic
global events as the basis for a new subdivision of Palaeoproterozoic time.

Welcome to the illustrative journey through one of the most exciting periods of planet
Earth!
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1.1 Tectonic Evolution and Major Global
Earth-Surface Palaeoenvironmental Events
in the Palaeoproterozoic

V.A. Melezhik, L.R. Kump, E.J. Hanski, A.E. Fallick, and A.R. Prave

Many, if not all, of the long-term fluctuations in geological
processes operating on Earth’s surface are tectonically driven
and related to the interplay of plate tectonics and deep mantle
dynamics resulting in supercontinental cycles and (super)
plume events (Condie et al. 2001; Condie 2004). These
processes include the amalgamation, dispersal, collision
and geographic position of major land-masses which dictate
volcanic and hydrothermal activities, changes in sea level
and the global patterns of ocean circulation, thermal isolation
of continents, climate change, rate of continental weathering
and its influence on seawater composition, and atmospheric
oxygen budget via control of burial and recycling of carbon
and sulphur. Further, all of these are reflected in biological
processes. However, well-documented and well-constrained
examples of this conceptual model have been developed and
tested largely on Phanerozoic rocks (Valentine and Moores
1970; Fischer 1984; Marshall et al. 1988; Hardebeck and
Anderson 1996; Berner 2006; Rampino 2010). Although
there have been a number of attempts to apply such concepts
to “Deep Time”, in particular, the Palacoproterozoic (Nance
etal. 1986; Windley 1993; Lindsay and Brasier 2002; Condie
et al. 2009), testing and verification of the models is chal-
lenging. The existence of continental masses, their
palacogeography and sizes in the late Archaean-early
Palaeoproterozoic remain hypothetical and robust plate
reconstructions are hampered by the small number of reliable
palaeomagnetic data (Evans and Pisarevsky 2008).

In this review we will focus on those global environmen-
tal events that can be documented by physical evidence (i.e.
features preserved in rocks) or well-established geochemical
proxies (e.g. S and C isotope systems). Hence, this is not a
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Trondheim, Norway
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comprehensive review of tectonically driven processes
operating on Earth’s surface during the Palacoproterozoic;
such details can be found in Reddy and Evans (2009). We
limit this overview to the time interval, which closely pre-
ceded, was associated with, and postdated the emergence of
an aerobic Earth system between 2.5 and 2.0 Ga (e.g.
Melezhik et al. 2005a). We will focus on the series of
environmental upheavals whose understanding has great
potential to address a key question: what caused the irrevers-
ible oxygenation of the terrestrial atmosphere (the answers
to which currently remain highly uncertain; Kump 2008)?

1.1.1 Late Archaean Tectonic Restructuring

The pattern of radiometric ages for Palacoproterozoic rocks
exhibits two prominent peaks at 2.7-2.6 and 1.9-1.8 Ga
(Gastil 1960; Worsley et al. 1984; Nance et al. 1986, 1988;
Condie 1995, 1998, 2000; Campbell and Allen 2008; Condie
et al. 2009). Both episodes are seen best in North America
(Hoffman 1988, 1989) and have also been documented in the
Fennoscandian Shield (e.g. Hanski et al. 2001; Nironen 2005;
Lahtinen et al. 2005), though the main Archaean crustal
growth episode seems to have occurred slightly earlier, at
c. 2.8 Ga (e.g. Bibikova et al. 2005; Kapyaho et al. 2006;
Mikkola et al. 2011). The major global growth peak of juvenile
crust at 2.7 Ga has been suggested to be linked with a
catastrophic mantle overturn event in a transitional period
when mantle dynamics changed between layered mantle con-
vection to whole-mantle convection favouring modern-day
plate tectonic processes (Arndt 2004; Nelson 2004).

Palaeogeography

Archaean palaeotectonic reconstructions are still in their
infancy (Sorjonen-Ward and Luukkonen 2005). Bleeker
(2003) suggested that the global Archaean record includes
c. 35 large cratonic fragments and several smaller slivers.
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Three very different late Archaean global plate recon-
structions have been proposed based on palacomagnetic
data with acknowledged limitations (Mertanen and Pesonen
2005; Buchan et al. 2000; Halls et al. 2008; Evans and
Pisarevsky 2008). Bleeker (2003) proposed two: one recon-
struction includes all the cratons as a single supercraton
named Kenorland, while the other proposes three separate
supercontinents termed Vaalbara, Superia and Slavia, distin-
guished by slightly different cratonisation ages of 2.9, 2.7,
and 2.6 Ga, respectively. The third of these reconstructions
suggests the existence of two supercontinents, “Kenorland”
and “Zimvaalbara” (for detailed discussion, see Reddy
and Evans 2009). Kenorland includes the Laurentian,
Fennoscandian and Siberian shields, whereas Zimvaalbara
arguably comprises Zimbabwe, Kaapval, Pilbara, and per-
haps the Sdo Francisco and Indian cratons (Williams et al.
1991; Aspler and Chiarenzelli 1998).

Regardless of the exact number of supercontinents, geo-
logical evidence indicates that the late Archaean — early
Palaeoproterozoic was a time of protracted break-ups, driven
by inferred mantle plumes and associated intraplate rifting.
Break-up of Zimvaalbara started at 2.65 Ga, Kenorland at
2.45 Ga and the final fragmentation of these supercontinents
was during the 2.42-2.0 Ga time interval (Aspler and
Chiarenzelli 1998). The initial break-up of Kenorland started
at a low palaeolatitude (0-20 °; Christie et al. 1975) and was
associated with the formation of a large continental flood
basalt province including giant radiating dyke swarms and
layered gabbro intrusions (Heaman 1997; Vogel et al. 1998).
Attenuation of Zimvaalbara involved crust- and mantle-
driven mafic magmatism at 2.47-2.43 Ma (Jones et al.
1975; Hamilton 1977) followed by rifting. In Australia, a
245 Ga mantle plume was also emplaced equatorially
(05 °; Evans 2003), generating a large igneous province.
Vast deposition of the 2.48-2.46 Ga banded iron formations
in fringing seas, (Figs. 1.1 and 1.2a) coeval with initial rifting
in Kaapvaal and Pilbara (Barley et al. 1997; Nelson et al.
1999; Martin et al. 1998; Pickard 2003) differentiates
Zimvaalbara Paleoproterozoic events from those of
Kenorland. This difference has been ascribed to contrasting
palaeotectonic settings involving convergent (Kenorland)
and rifted (Kaapvaal and Pilbara) margins of the large late
Archaean cratons (Barley et al. 2005). In contrast, the latest
significant BIF deposition in Kenorland (Fig. 1.2b) is dated at
c. 2750 Ma (e.g. Bibikova 1989).

1.1.2 Newly Born Supercontinent(s) Through
2.4-c. 2.3 Ga Time Interval

Despite apparent differences in various palacogeographic
reconstructions, major cratons share several common
features through the Archaean-Palacoproterozoic transition:

low-latitudinal and high-standing position, mantle plume
generated gabbro plutons (Fig. 1.2¢, d) and intraplate rifting,
formation of large igneous provinces and widespread mag-
matic shut- or slowdown. These features were apparently
palaeotectonic and palaeogeographic requirements for a
series of unprecedented palaeoenvironmental upheavals
that began around 2.4 Ga.

Global Magmatic Shut- or Slow-Down

The global distribution of U-Pb ages of subduction-
associated granitoids and ages of detrital zircons suggest a
widespread reduction in terrestrial magmatic activity and a
significant lull in volcanism and crustal production during
the c. 2.45-2.2 Ga time interval (Condie et al. 2009). It is
also suggested that this was the period when the global
subduction system shutdown since most terrestrial volca-
nism is related to plate tectonics. The mechanisms by
which the global subduction system could completely shut-
down were advanced by O’Neil et al. (2007) and Silver and
Behn (2008).

Condie et al. (2009) provided a plausible causative link
between magmatic stagnation and several global events. It is
suggested that a drastic decrease of Fe®* delivery to the
oceans via submarine volcanism could shut down deposition
of banded iron formations. This, combined with a drop in the
rate of CO, venting from the mantle, could reduce the sink
for oxygen thus leading to a cooler, more oxidising atmo-
sphere capable of supporting global glaciation. It is impor-
tant to point out that such a link offers a complementary
“geotectonic” component, seemingly missing from the
widely accepted explanations in which major modifications
related to atmospheric composition and climatic changes are
driven either geochemically or biogeochemically (Pavlov
et al. 2000; Kasting 2004, 2005; Kopp et al. 2005).

Condie et al. (2009) also emphasise that the shutdown of
the global subduction system should cool oceanic litho-
sphere, which would decrease ocean ridge volume, thus
leading to deeper oceanic basins and a lower sea level
(Moucha et al. 2008). Inevitable results include extensive
and deep erosion of continental shelves, widespread
unconformities, and the incompleteness of craton-margin
sedimentary successions spanning the 2.45-2.2 Ga time-
interval. This, combined with the scarcity of magmatic
rocks suitable for dating, hampers the chronological recon-
struction of events and the causative relationships between
various factors operating during this enigmatic part of
Earth’s history.

Precise dating of sedimentation, perhaps by the Re-Os
technique, and tracking of continental erosion rate by
878r/8%Sr ratio in marine carbonates, represent major, and
challenging, components of future research. Interestingly, the
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Fennoscandian Shield is marked by an intensive intermediate-
mafic volcanism dated at 2.43 Ga, and perhaps even younger
(see Chaps. 3.2, 3.3, and 3.4), thus covering at least part of the
period otherwise marked by stagnant magmatic activity. Sedi-
mentary formations of the same age contain marine carbonate
rocks that could be targeted for chemostratigraphy.

Global Glaciation and Oxygenation
of Atmosphere

Radical modification of the Earth’s surface environments
may have started with the seemingly rapid onset of wide-
spread glaciation (Fig. 1.2e, f; Young 1970; Visser 1971;
Miall 1983; Marmo and Ojakangas 1984; Martin 1999;
Young et al. 2001) from otherwise climatically stable
conditions in the early Palacoproterozoic (for details see
Chap. 7.2).

With a partial overlap in time, this wide-spread glacia-
tion was accompanied by the disappearance of mass-
independent fractionation of sulphur isotopes (MIF-S)
(Guo et al. 2009; for details see Chap. 7.1), a significant
rise in atmospheric oxygen concentration (the “Great Oxi-
dation Event”; Holland 2006), and the onset of a short-term
global (however, for opposite view see Frauenstein et al.
2009), positive 8'°C anomaly in sedimentary carbonates
reported from the Duitschland Formation in the Transvaal
Supergroup of South Africa (Bekker et al. 2001). The
MIF-S disappearance occurs between the first and the sec-
ond (out of two) glacial units and can be constrained
between 2.48 and 2.32 Ga (Hannah et al. 2004). A some-
what similar pattern is reported by Papineau et al. (2007)
from within the Huronian Supergroup, Ontario, Canada,
where the MIF-S signal was lost after the second (out of
three) glacial unit. Similar to the Transvaal Supergroup,
radiometric age constraint for the onset of the glaciation
and the disappearance of MIF-S remains imprecise
(between 2.45 and 2.3-2.2 Ga), as does the onset of an
oxidising atmosphere.

Hence, it is evident that the Palaeoproterozoic started
with several extraordinary events associated with radical
changes in Earth surface environments and composition of
the atmosphere. The question remains: what were the
driving forces for such rapid and unprecedented modifica-
tion of Earth surface conditions after several hundreds of
million years of relative stability?

Several hypotheses advanced for explanation of these early
Palaeoproterozoic events invoke the onset of oxygenic bacte-
rial photosynthesis and the collapse of a methane-rich atmo-
sphere; however, all suggested hypotheses have conflicting

cause-and-effect relationships (Pavlov and Kasting 2002;
Kopp et al. 2005; Zahnle et al. 2006; Konhauser et al.
2009). But, did the tectonically-driven palacogeographic
restructuring of major land masses and related changes in
magmatic and metamorphic systems play any role in the
geochemical and climatic modification of the Earth system
(Catling and Claire 2005; Kump and Barley 2007; Condie
et al. 2009)?

With tectonics as the major factor in mind, Barley et al.
(2005) addressed the cause-and-effect relationships between
tectonics and early Palaeoproterozoic environmental
changes. Mantle plume breakouts were suggested as factors
limiting ocean productivity, the rate of photosynthesis, and
maintaining chemically reduced conditions throughout the
Archaean. They also proposed that the establishment of
large, thick and stable continental land masses (i.e.
supercontinents, e.g. Kenorland) and a change in the style
of plate tectonics at c. 2.4 Ga led to an increase in ocean
productivity and photosynthesis rates. This, complemented
by a decreased influx of chemically reduced gases produced
by subaerial volcanism (Kump and Barley 2007), resulted in
a reduced oxygen sink, the removal of methane greenhouse
conditions and the build-up of an oxic atmosphere. The
approach is definitely attractive and worthy of development;
however, the resultant outcome appears to be convoluted
due, mainly, to the incomplete geological record and poorly
understood history of Palacoproterozoic supercontinents and
supercratons (Reddy and Evans 2009).

The most crucial factor hampering our understanding of
the chronological sequence of events and their causative
relationships during the 2.4-2.3 Ga time interval is the
limited number of precise radiometric ages that may con-
strain onsets of different processes operating on Earth at that
time. This concerns the important question: which of the
three glacial episodes recorded in Canada correlate with the
two reported in Africa and one known in Scandinavia?
Which were global in nature? The incompleteness of the
geological record, combined with a limited number of
well-studied sections, causes a serious bias in geological
and geochemical interpretations.

The disappearance of MIF-S is recorded in only two
sections (in S. Africa and Canada) and so far cannot
provide robust information on internal structure of such
process. Was it an abrupt, single, irreversible process? Or
perhaps it was marked by several reversals that signify a
transitional period from anoxic to oxic conditions. More-
over, there is a high potential that some basal Palacopro-
terozoic beds can still contain older detrital sulphides
retaining MIF-S. This seems to be the case for some
sulphides associated with the first glacial deposits above
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the BIFs in the Hamersley Group. They carry an MIF-S
signal, however, the dating by a Re-Os technique shows
that they are significantly older than the inferred age of the
glaciations; a significant amount of sulphides in Archaean
shales in Western Australia also have older detrital
sulphides (Barley, personal communication). Consequently
Re-Os dating of sulphides should be employed more
widely in the study of sulphur isotopes during the
Archaean-Palaeoproterozoic transitional time. This will
help to confirm when the MIF stopped and how long it
took for oxidative weathering to be established and stop
older detrital sulphides retaining MIF-S being eroded,
transported and deposited in younger sediments. This
should also assist in unraveling the cause and effect of
tectonics and the early Palaeoproterozoic environmental
upheavals which continues to be a challenge.

1.1.3 Rifted Supercontinent(s) Through
c. 2.3-2.1 Ga

The world database on igneous radiometric ages, including
those from the Fennoscandian Shield (Hanski et al. 2001),
suggests a rather stable tectonic regime with minimal or no
collisional/accretional processes throughout the c. 2.4 to
2.2 Ga period (Condie et al. 2009). The response to this
prolonged phase of high-standing, stable continents was
the apparent formation of deeply weathered surfaces (e.g.
Marmo 1992) and widespread unconformities (Condie et al.
2009; also see Chap. 7.9.2). Intraplate rifting resumed at
c. 2.2 Ga and resulted in erosion of the deeply weathered
rocks (Fig. 1.2g) and deposition of chemically mature
arenites (Fig. 1.2h). This was accompanied by carbonate
sedimentation in coeval, wide-spread, shallow-water
platforms and epeiric seas.

Formation of Giant Manganese Deposits
and World-Wide “Red Beds”

The depositional age of the Hotazel Formation containing a
giant Mn deposit (Figs. 1.1 and 1.2i—j) remains poorly
constrained between 2.4 and 2.2 Ga but very likely close to
2.4-2.3 Ga as, the banded iron formation rests immediately on
Makganyene glacial beds. Manganese-rich strata of the Hotazel
Formation in South Africa contain c. four billion tons of Mn
within the Kalahari manganese field; this is by far the world’s
largest land-based Mn deposit (Gutzmer et al. 1997). Mn sili-
cate (braunite) finely intergrown with Mn-rich carbonates
(kutnahorite) form thick units within the magnetite-haematite

type of banded iron formation, all of which record deposition on
continental shelfs (Klein et al. 1987).

Deposition of the Kalahari manganese field represents a
unique oxidation and Mn extraction event in the world
oceans. Deposition requires large quantities of O,, thus
suggesting that the oxygenic photosynthetic apparatus (pho-
tosystem II) must have evolved before the formation of the
Kalahari manganese deposit (Kirschvink et al. 2000). The
oxidation and Mn extraction from seawater is also
documented in the Fennoscandian Shield, though at a more
modest scale (Fig. 1.2k).

In the Fennoscandian Shield, thin beds of manganite-
cemented arenites occur within a shallow-water shelf
dolostone-siliciclastic succession of the Tri-Ostrova Forma-
tion in the Ust’Ponoj Greenstone Belt (Melezhik and
Predovsky 1984). Here, the manganite deposits are
associated with '>C-rich carbonate rocks of the
Lomagundi-Jatuli type (Melezhik and Fallick 1996), hence
represent a later and much more modest occurrence.

The post-2.2 Ga period was the time when Palaeopro-
terozoic “red beds” (rocks stained red by iron oxide,
Fig. 1.21) became widespread (Fig. 1.1). Red beds, together
with lithified ancient sols that accumulated iron during
weathering, reflect the presence of oxygen in subaerial
environments.

One of the Greatest Perturbations of the Global
Carbon Cycle: The Lomagundi-Jatuli Isotopic
Event

Approximately contemporaneous with the world-wide
appearance of red beds and formation of manganese deposits
is the first global record of sedimentary carbonates unusually
enriched in "*C. Although accumulated in a variety of depo-
sitional settings, the '*C-rich carbonate rocks appear to be
mainly shallow-water, red coloured stromatolitic dolostones
with abundant evaporitic features (Fig. 1.2h, m—o; reviewed
in Melezhik et al. 1999a). This unprecedented perturbation
of the carbon cycle was first recognised globally by Baker
and Fallick (1989a, b), and is known as the Lomagundi-
Jatuli isotopic excursion (e.g. Melezhik et al. 2005a). The
event apparently lasted over 140 million years, and its dura-
tion was best constrained on the Fennoscandian Shield
(Karhu and Holland 1996; Karhu 2005; Melezhik et al.
2007; Martin et al. 2010).

The causes and internal structure of this long-lasting isoto-
pic perturbation of the global carbon cycle, as well as its exact
chronological relationship with other roughly coeval global
environmental changes, remain a matter of continuous debate.
Several conflicting models have been advanced to explain the
Lomagundi-Jatuli isotopic event starting with enhanced burial
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of organic carbon (Bakker and Fallick 1989a, b; Karhu and
Holland 1996), methane cycling (Yudovich et al. 1991; Hayes
and Waldbauer 2006), and a redox-stratified ocean (Aharon
2005; Bekker et al. 2008).

Melezhik et al. (1999a, 2005b) and Frauenstein et al.
(2009) have argued that there has been considerable basinal
modification (amplification) of the global 3'°C excursion,
giving the impression that the global carbon cycle perturba-
tion was much larger than it actually was. It also remains
unresolved what role tectonics/plate-tectonics played in the
onset, maintenance for over 140 million years, and the demise
of the unprecedented global carbon cycle perturbation.
It is evident that the excursion was preceded by the
c. 2.4-2.2 Ga magmatic shutdown (Condie et al. 2009), and
the major part of the isotopic event coincided with the
palacogeography of high-standing rifted continents, extensive
chemical weathering, development of shallow-water carbon-
ate platforms and epeiric seas, and flourishing stromatolite-
forming cyanobacteria (e.g. Melezhik et al. 1999a).

The termination is contemporaneous with the final break-
up of the Kenorland supercontinent and formation of deep-
water siliciclastic seas (Bekker and Eriksson 2003; Bekker
et al. 2003; Wanke and Melezhik 2005). Other details on the
Lomagundi-Jatuli isotopic event are presented in Chap. 7.3;
however, determining the global timing and regional
influences for one of the most profound carbon isotopic
excursions in Earth’s history represent major challenges for
future research.

Upper Mantle Oxidising Event

Towards the end of the Lomagundi-Jatuli event, a vast
volume of highly oxidised lavas (Fig. 1.2p) was extruded
across the Fennoscandian Shield (Chaps. 3.4 and 7.4). The
eruption has been precisely dated at 2.06 Ga in the Pechenga
and Imandra/Varzuga greenstone belts (Melezhik et al.
2007; Martin et al. 2010). These lavas form units up to
2 km in thickness in several greenstone belts, over an area
of 5,000 km?. If this considerable volume of lavas of large
regional extent is not the result of surface oxidation, then
they may represent the preserved remnants of high fO,
eruptions, and reflect original upper mantle conditions
modified through Archaean subduction of highly oxidised,
oceanic slabs. These rocks are apparently too young to be a
“smoking gun” for mantle redox evolution and the major
cause for the Great Oxidation Event. Nevertheless they
highlight the heterogeneity of upper mantle redox state.
The reduction in oxygen demand associated with the erup-
tion of these 2.06 Ga high fO, lavas might still have played
an important role in sustaining oxic surface conditions,

including the final accumulation of oxygen in the atmo-
sphere during the course of the Great Oxidation Event.

Radical Change of Seawater Sulphate Reservoir

Towards the end of the positive 8'°C isotopic excursion
many continents record formation of Ca-sulphates, which
occur as ubiquitous pseudomorphs in various marine sedi-
mentary rocks (Fig. 1.2g-s; for details see Chap. 7.5). The
sulphate-bearing strata formed in a variety of depositional
settings ranging from lacustrine and marine intracratonic
basins through passive margin and back-arc environments
(El Tabakh et al. 1999; Melezhik et al. 2001, 2005b; Pope
and Grotzinger 2003; Evans 2006; Schroder et al. 2008).
Oceanic sulphate abundance remains unknown, but a size-
able sulphate reservoir suggested as early as 2.1-2.2 Ga (e.g.
Melezhik et al. 2005b) would contrast with the view that,
prior to the Mesoproterozoic, gypsum precipitation was
inhibited by a small marine sulphate reservoir and higher
marine carbonate saturation (Grotzinger 1989; Kah et al.
2004). The irregular, cyclic, secular variations of geochemi-
cal parameters known for Phanerozoic terrestrial hydro-
sphere and atmosphere systems (Budyko et al. 1985;
Veizer 2005) should be, in principle, applicable to the
Palaeoproterozoic and may provide a means for reconciling
the two conflicting views. However, recently the small
marine sulphate reservoir hypothesis has been challenged
by the discovery of several tens of meters of massive anhy-
drite beds in the Onega Basin (Fig. 1.2t). The anhydrite
strata are associated with the '*C-rich dolostones of the
Tulomozero Formation and represent the Lomagundi-Jatuli
isotopic excursion, thus falling within the 2.22-2.06 Ga
time-interval. This new discovery (Morozov et al. 2010)
may cause us to rethink our interpretations of Palacopro-
terozoic oceanic sulphate chemistry.

1.1.4 Dispersed Kenorland Supercontinent
Through 2.1-1.9 Ga

Several hundred millions of years of tectonic stability
punctuated with repeated intraplate rifting eventually
resulted in supercontinent fragmentation at around
2.1-2.0 Ga. This is best documented in the Wyoming craton
and Fennoscandian Shield (Bekker and Eriksson 2003; Daly
et al. 2006; Lahtinen et al. 2005). How such a radical
palacogeographic reconfiguration and change in tectonic
regime of this large land mass might have influenced
weathering and burial cycles remains to be studied; how-
ever, one of the apparent consequences was the termination
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of the Lomagundi-Jatuli positive isotopic excursion of car-
bonate carbon, the greatest in Earth’s history. Whether this
was a coincidental or a causative relationship is the task for
future research.

Enhanced Gglobal Accumulation of Organic
Matter: The Shunga Event, and Giant Iron-Ore
Deposits

The aftermath of the Lomagundi-Jatuli excursion was
marked by another apparently global-scale event, an unprec-
edented accumulation of organic matter known as the
Shunga Event (Figs. 1.1 and 1.2u; Melezhik et al. 1999b,
2004). Although documented on several continents, it is best
represented in basins across the Fennoscandian Shield and in
the Francevillian Series in Gabon (Chap. 7.6). The initial
stage of “black shale” accumulation may partially overlap
with the end of the Lomagundi-Jatuli excursion in Gabon
(supplementary material in El Albani et al. 2010); this,
though, is an exception and such shales are unlikely to be a
coeval and complementary reduced carbon reservoir com-
pensating for the 140 Ma-long Lomagundi-Jatuli positive
isotopic excursion of 513 Cearh. Moreover, the continuous
accumulation of vast volume of “black shales” in post-
2.0 Ma time period, reaching several hundreds of meters in
thickness, and containing up to 10-30 wt.% C, in numerous
basins world-wide (Salop 1982; Melezhik et al. 1988;
Condie et al. 2001), has not been reflected in isotopic com-
position of contemporaneous sedimentary carbonates
(Karhu 1993; Melezhik et al. 2007).

The duration and the cause of enhanced accumulation of
organic matter at c. 2.0 Ga have been only cursorily
investigated and addressed in the published literature (e.g.
Melezhik et al. 1999b; Mossman et al. 2005). Available
radiometric dates from the Pechenga Greenstone Belt sug-
gest that the event may have lasted less than 50 Ma (Hanski
1992; Melezhik et al. 2007).

This period of time is also known for the generation of
supergiant oil deposits, perhaps for the first time in Earth’s
history in such volume and scale (Mossman et al. 2005;
Melezhik et al. 2009). One of these petrified oil fields is
preserved in the Onega Basin in the southeastern
Fennoscandian Shield (Fig. 1.2v—x; for details see Chap. 7.6).
This oil field possesses rich information with a great potential
to elucidate petroleum generation and migration in the
Palacoproterozoic (Melezhik et al. 2009).

Why did the oldest known significant accumulation of
organic-carbon-rich sediments and generation of large-scale
petroleum deposits occur at around 2.0 Ga, if the fundamen-
tal features of the biologic carbon cycle were established by
3500 Ma (Schidlowski et al. 1975; Hayes et al. 1983;
Grassineau et al. 2002)? Does this accumulation of

organic-carbon-rich sediments reflect an episode of
enhanced biological productivity in a nutrient-enriched
ocean? Or, perhaps such 2.0 Ga occurrences were the result
of biased preservation or are the result of modest productiv-
ity, but enhanced preservation or even a preservation bias?
All these questions constitute a programme for investigating
this fascinating period of the Palacoproterozoic (Melezhik
et al. 1999b; Papineau 2010).

The c. 2.1-1.9 Ga time interval is also characterised by
formation of giant supergene iron-ore deposits. Recently
obtained new precise Pb/Pb ages on baddeleyite provided
2.05-2.0 Ga constraint on ore genesis in the Hamersley prov-
ince in Western Australia. Miiller et al. (2005) demonstrated
that hypogene iron-ore mineralisation (shortly postdating the
emplacement of c. 2008 Ma dikes) was oxidised, reworked
and enriched by supergene processes during c. 2.0 Ga uplift
and continental rifting. Miller et al. (2005) also suggested that
these rift-bound giant supergene iron-ores were coeval with
another class of giant iron-oxide accumulations (i.e., iron
oxide (rare earth element—Cu-Au-U) deposits, Barton and
Johnson (1996)) occurring in a similar continental rift setting.
They suggested further that several world-class iron-ore
deposits in India, South Africa, Brazil, and Ukraine exhibit
remarkably similar enrichment processes and relative timing
relationships close to 2.0 Ga (Beukes et al. 2003; Dalstra et al.
2003; Miiller et al. 2005). In Western Australia, similar to the
Fennoscandian, Canadian shields and many other cratons, the
period between 2.1 and 2.0 Ga was characterised by continen-
tal sedimentation and mafic magmatism in extensional settings
within rift basins that were linked to the breakup of a Paleopro-
terozoic supercontinent (e.g. Aspler and Chiarenzelli 1998).
Supercontinent breakup may have caused the accumulation of
hypogene iron ores followed by their first exposure and super-
gene oxidation in rift basins worldwide Miiller et al. (2005).

The Earliest Phosphorites: A Radical Change in the
Phosphorous Cycle

The 2.0 Ga enhanced accumulation of organic matter also
corresponds in time with the formation of the oldest
phosphorites (reviewed in Papineau 2010; Fig. 1.1). The phos-
phate accumulations occur in different forms (Chap. 7.7). The
most remarkable c. 2.0 Ga occurrence is the Jhamarkotra
stromatolitic phosphorites (Fig. 1.2y) containing up to 35 wt.%
P,0Os5 and reaching 25 m in thickness in the Lower Aravalli
Group in Rajasthan, India (Banerjee 1971; Chauhan 1979).
Similar age phosphorites, though in redeposited, clastic form
(Fig. 1.2z), occur in the c. 2.0 Ga Pilgujarvi Sedimentary
Formation of the Pechenga Greenstone Belt (Bekasova and
Dudkin 1982). Concretions enriched in phosphorus
(Fig. 1.2aa, ab) have been documented in the II’'mozero
Sedimentary Formation in the Imandra/Varzuga Greenstone
Belt (Melezhik 1992). Phosphorites occur also as discrete
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bands in a c. 2.0 Ga iron formation in the Central Lapland
Greenstone Belt (Gehor 1994). Other phosphorite
occurrences are summarised in (Chap. 7.7).

The appearance of phosphorites in various forms in sedi-
mentary successions at 2.0 Ga reflects a critical change in the
Precambrian phosphorous cycle. The most common path-
way of precipitation involves sedimentation of organic mat-
ter that carries biologically concentrated phosphate
(Knudsen and Gunter 2002). Most of the reported 2.0 Ga
phosphorites are commonly associated with sulphides and
organic matter, and thus are consistent with such a mecha-
nism. However, high bioproductivity and enhanced concen-
tration of organic matter (e.g. Papineau 2010) is probably
not the only factor controlling the generation of Palaeopro-
terozoic phosphorites; several older C,,o-rich formations are
known (Hayes et al. 1983), but contain no phosphorites.
Thus, it is possible that 2.0 Ga sediments record a major
change in the diagenetic mineralisation of organic matter,
which seemingly was coeval with accumulation of the first
phosphorites. One of the possible factors preventing the
diffusion of P out of the sediment could be the establishment
of a ferric oxide “trap” at the sediment-water interface
overlain by oxic water. Other factors, which controlled the
formation of the oldest known phosphorites and phosphate
concretions remain unresolved.

Establishment of an Aerobic Pathway in Recycling
of Organic Matter

The scarcity of diagenetic carbonate concretions in the
Archaean and in the early Palaeoproterozoic sedimentary
formations older than c. 2.0 Ga was acknowledged long
ago (e.g. Pettijohn 1940; Melezhik 1992), and is evident
from a later extensive carbonate concretion bibliography
listing 700 articles (Dietrich 1997). Importantly, a compila-
tion of published global data shows that 8'*C values of both
primary and diagenetic carbonates of pre-c. 2.0 Ga rocks
mostly cluster near 0 + 3%o, which are not characteristic of
microbially recycled organic matter (Fallick et al. 2008).
However, carbonates associated temporally and spatially
with banded iron formations (BIF) represent an exception
(summarised in Fallick et al. 2011).

The first known appearance, and then worldwide devel-
opment, of microbially meditated, '*C-depleted, diagenetic
carbonate concretions outside a “BIF-environment” are
documented in published literature at around 2.0 Ga (Winter
and Knauth 1992; Melezhik et al. 1998, 1999b; Fallick et al.
2008). In c. post-2.0 Ga sedimentary successions, the
concretions are varied and abundant (Fig. 1.2ac) and
associated with other diagenetic products, such as phosphate
nodules and redeposited bedded phosphorites, all of which
are seemingly absent from older rocks. Thus, it appears that

the first abundant occurrence of isotopically light diagenetic
carbonate concretions signifies an important hallmark in
biospheric evolution apparently linked to the emergence of
‘modern-style’ recycling of organic matter (Melezhik et al.
2005a). It has been suggested (Fallick et al. 2008) that prior
to c. 2.0 Ga organic matter was recycled and remineralised
predominantly in the anoxic water column and near the
sediment/water interface allowing isotopically distinctive
CO, and CH,4 to readily escape to the atmosphere, thus
leaving no isotopic traces in diageneticaly formed
carbonates. Fallick et al. (2008) also suggested that around
2.0 Ga, the water column became oxic enough to be toxic for
the anaerobic microbial recyclers, forcing them to retreat
deep into the substrate. As the result, redox gradients devel-
oped in the sedimentary column and abundant carbonate
concretions formed incorporating '*C-depleted by-products
derived from remineralised organic carbon, similar to what is
observed in the Phanerozoic world. This hypothesis represents
another subject for future research and tests. Another question
to be answered is why diagenetic carbonates with distinct
isotopic fingerprints of methanogenesis and methanotrophy
(e.g. 13C-rich) have not been confidently recorded in the
early Palaeoproterozoic sedimentary formations? Or, perhaps
their absence is the result of biased sampling? Hayes (1994)
documents organic matter in 2.7 Ga sedimentary rocks that
they attributed to methanotrophy. If this were widespread, we
would expect '*C-rich diagenetic carbonates to have been
preserved. Moreover, younger Neoarchaean rocks do not dis-
play such "*-C depleted organic matter. Was this a false start of
the aerobic biosphere (whether the oxidant used in
methanotropy was sulphate or oxygen)? Detailed and system-
atic mineralogical, petrographic, geochemical and in situ iso-
topic studies of diagenetic carbonates of this age may provide
the focus necessary to examine this problem.

1.1.5 Summary

A brief review of some of the major modifications of the Earth
surface environments emphasises that the Archaean-
Palaeoproterozoic transition was a major step towards emer-
gence of an aerobic Earth system. What remains unresolved is
precise absolute chronology of all these major events. At
present, even a relative chronological sequence can only be
established with a certain amount of approximation. This,
together with the limited palacomagnetic database and unreli-
able palaeogeographic reconstructions, hampers our under-
standing of causative effect of palaeotectonics and Earth’s
surface alterations, as well as the cause-and-effect
relationships between various global environmental changes.
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Fig. 1.1 Major global palacoenvironmental and tectonic events during the Early Palacoproterozoic (Data sources are presented in Chaps. 3.2, 3.3
34,71,7.2,7.3,7.4,7.5,7.6, and 7.7, and in Miiller et al. (2005), Melezhik et al. (2007) and Condie et al. (2009))




